ABSTRACT: Gymnasts' bone mineral characteristics are generally not known before starting their sport. Prepubertal females who enrolled in beginning artistic gymnastics (n = 65) had lower bone mineral than controls (n = 78). However, 2 years of gymnastics participation versus no participation led to a significantly greater accrual of forearm bone area and lumbar spine areal BMD.
INTRODUCTION
A DAPTATIONS OF BONE to exercise are dependent in part on the magnitude and type of loading stimulus (1) and the timing of the loading exposure across the life cycle. (2, 3) Maneuvers performed by artistic gymnasts produce high peak ground reaction forces and enhance bone mineral accrual. (4) (5) (6) Compared with controls, prepubescent elite-level gymnasts have higher geometric indices of bone strength in the proximal femur (7) and possess areal BMD (aBMD) values significantly higher at most skeletal sites. (8) Gymnasts in these studies began training at an early age, which might be advantageous to the skeleton. The immature skeleton is thought to be particularly responsive to exercise stimuli, because a higher rate of modeling and remodeling processes promote adaptations in the size, shape, and mineralization of bone to accommodate the loads. (9) We previously found that 3 years of gymnastics training in a group of early pubertal females led to aBMD gains almost 30% higher than nongymnast controls. (10) Whereas it is evident that gymnasts who begin training early in life and advance to upper levels of competition have significantly greater BMC and aBMD compared with nonathlete controls, (10) (11) (12) it remains uncertain if advanced gymnasts are characterized by higher bone mass before the onset of their training or if the differences in aBMD result from cumulative gains with training throughout youth. The majority of gymnastics studies performed to date have examined gymnasts cross-sectionally only after they advanced to a relatively high competition level. Prospective training studies typically have been relatively short, lasting ∼1 year.
To date, no published studies have examined children with limited organized sport experience before the onset of a physical activity intervention. Therefore, this study was conducted to determine the influences of the initial years of artistic gymnastics training on bone in a group of prepubertal children with essentially no organized physical activity experience before the onset of training. Novice gymnasts and comparable controls were used to help establish if selection bias is a key factor related to the high bone mass observed in gymnasts. It was hypothesized that (1) over 2 years, gymnasts would accrue bone mineral at a greater rate than nongymnasts, controlling for differences in race, pubertal stage, age, height, weight, and calcium intake, and (2) advanced, higher-level competitive gymnasts would gain more bone mineral than recreational, lower-level gymnasts.
MATERIALS AND METHODS

Design and study participants
A 24-month quasi-experimental, prospective design was used to examine the effects of recreational gymnastics activity on bone in prepubertal females from the Athens, GA area. Females, 4-8 years of age, who had essentially no previous organized physical activity (<12 weeks, considered one completed season) before beginning their first gymnastics class or nongymnastic activity, were recruited to participate (N ‫ס‬ 203). To enroll in the study, participants had to have reported being healthy (reporting no history of disease or conditions known to affect bone metabolism, e.g., rickets, growth hormone deficiency, use of glucocorticoid medications) and have no evidence of secondary sexual characteristics (according to criteria for stages of breast and pubic hair development as described by Tanner (13) ). Twelve cohorts of children were recruited during the winter, spring, summer, and fall seasons from fall 1997 to summer 2000. There were no seasonal differences in bone measures at baseline between those who were recruited in the summer months versus those recruited in the winter months (p > 0.49). At baseline, participants who were enrolling in recreational gymnastics classes 1 h/week (GYM) were compared with controls (CON) participating in nongymnastic activities or no activities. Of the 203 children who enrolled in the study, 196 completed all baseline testing. Approximately 80% completed the 2-year investigation (n ‫ס‬ 155), including 65 GYM, 78 CON, and 12 participants who ceased gymnastics training and remained in the study for follow-up testing, but were not included in the statistical analyses presented here. Compared with other participants who enrolled in gymnastics, the 12 dropouts did not differ in age, height, weight, or bone mineral measures at baseline. Of the 20% who did not complete the study, 1% were found to have secondary sexual characteristics at baseline, 7% dropped out because of relocation, 10% because of noncompliance with the gymnastics program, and the remaining 3% because of noncompliance with dietary records. The ethnic distribution of the final sample was 64% white, 27% black, 3% Asian, 2% Hispanic, 1% Indian, and 3% other (i.e., biracial). Within the GYM group, 47 participants were white and 12 were black, whereas in the CON group, 44 and 26 were white and black, respectively. Among GYM, baseline bone area and mineral values were significantly higher in the black females at all skeletal sites (p < 0.05). Among CON, however, baseline values differed only for total body BMC and aBMD, lumbar spine BMC and aBMD, total proximal femur aBMD, and forearm bone area BMC and aBMD (black > white; p < 0.05).
Participants were recruited using radio and television advertisements, flyers distributed to pediatrician's offices, elementary schools, and day care centers in the community, and through electronic and/or paper flyers and newsletters sent to faculty and staff at The University of Georgia. Gymnasts were enrolled in one of three beginning-level gymnastics programs in the Athens area and trained an average of 1 h/week at baseline. Introductory classes were limited to 15 students each and included a 15-minute warm-up of stretching and light activities, followed by rotations of approximately equal time on uneven bars, vault, balance beam, and floor exercises. Gymnasts did not participate in other organized sport activities throughout the 2-year study. Monetary incentives for recruitment and participation were provided equally for each child.
Procedures
The study protocol was approved by The University of Georgia Institutional Review Board for Human Subjects. Informed assent and consent were obtained from each child and her parent, respectively. Testing procedures were completed at baseline and 6, 12, 18, and 24 months in the Bone and Body Composition Research Laboratory and University Health Services at The University of Georgia. On the day of testing, anthropometric measures and DXA procedures were performed. In addition, participants and their parent(s) completed self-administered questionnaires regarding demographic information and physical activity and were instructed on the at-home completion of 3-day diet records and use of accelerometers.
Anthropometric measures
Anthropometric measures were conducted according to the Anthropometric Standardization Reference protocol. (14) Weight of each participant, wearing light outdoor clothing without shoes, was measured to the nearest 0.25 kg using a calibrated double-beam balance scale (Fairbanks Scales, Kansas City, MO, USA). Stature was measured without shoes to the nearest 0.10 cm using a wall-mounted stadiometer (Novel Products, Rockton, IL, USA). Sitting height was measured with each participant seated on a box 50 cm in height using the same stadiometer, and estimations for leg length were calculated using standing height minus sitting height. In our laboratory, one-way random effects model, single measure intraclass correlation (ICC) coefficients were computed for anthropometric procedures in females 6-10 years of age (n ‫ס‬ 10). These participants were measured by the same individual twice in a 2-week period, and the ICC (R value) as well as test-retest CV (%) values were as follows: standing height (0.99 and 0.4%), body weight (0.99 and 1.4%), and sitting height (0.97 and 0.9%), respectively. Body mass index (BMI; kg/m 2 ) values were plotted on BMI-for-age charts (15) to determine BMI percentiles for each child.
Sexual maturation
Sexual maturation was assessed annually by a physician using criteria for stages of breast and pubic hair development (stages I-V) as described by Tanner. (13) Prepubertal is considered stage I (no evidence of breast or pubic hair development), and early pubertal is indicated by stages II to III (evidence of development). (16) In our laboratory, oneway random effects model, single measure ICCs revealed perfect agreement (r ‫ס‬ 1.0) for physician-assessed breast and pubic hair development in females 6-10 years of age (n ‫ס‬ 10) from this study, evaluated by the physician twice in a 2-week period.
Bone mineral and body composition measures
), BMC (g), and bone area (BA; cm 2 ) of the total body, lumbar spine, nondominant total proximal femur, and nondominant forearm were determined by DXA (QDR-1000W; Hologic, Waltham, MA, USA). Limb dominance was decided based on parental reports and child demonstrations of handwriting. The lumbar spine analysis was performed using DXA Low Density Spine software, whereas total body bone and body composition (including fat mass [g], percent fat, and fat-free soft tissue mass [FFST; g]) measures were determined using DXA Pediatric Whole Body Analysis software. Each total proximal femur scan was analyzed by the same individual according to standard protocol described by the manufacturer. Because of the complexity of assessing proximal femur aBMD in young children during growth, (17) the protocol for placing the region of interest is described here. The lower border of the region of interest was placed 10 spaces below the lesser trochanter (or twice the length of the greater trochanter if not visible), 5 spaces outside the edge of the greater trochanter, 5 spaces outside the edge of the femoral head, and 5 spaces above the edge of the femoral head. On each scan, the ischium was deleted before the densitometry values were calculated. The region of interest increased with each measurement period, incrementally with growth. The femoral neck box was most often placed according to the default, but in the cases of especially young children (e.g., 4 years of age), where the femoral neck was not automatically recognized by the software, the left upper corner was placed in direct contact with the greater trochanter, and in few instances, the width of the box was reduced to avoid inclusion of the head of the femur.
Participants wore light clothing and removed all metal items before being scanned. Quality assurance for DXA was carried out by daily calibration against the standard phantom provided by the manufacturer. A lumbar spine phantom containing calcium hydroxyapatite and epoxy sections embedded in a lucite cube (Hologic x-caliber anthropometric spine phantom, model DPA/QDR-1) was scanned each morning before testing. A CV of 0.27% was observed in our laboratory from 365 scans of the spine phantom over a 5-year period. Quality control for soft tissue measurements was assured by concurrently scanning (with each total body scan) an external three-step soft tissue wedge composed of different thickness levels of aluminum and lucite, calibrated against stearic acid (100% fat) and water (8.6% fat; Hologic). In our laboratory, one-way random effects model, single measure ICCs were calculated in young females 5-8 years of age (n ‫ס‬ 10), scanned twice during a 1-week period for BMC and aBMD of the total body, lumbar spine, proximal femur, and forearm (all R Ն 0.98 and 0.95, respectively) and for percent fat (R ‫ס‬ 0.99). Testretest measurements using DXA showed the following CVs for aBMD: total body, 1.2%; lumbar spine, 1.3%; total proximal femur, 1.6%; and forearm, 2.1%; and percent fat, 2.0%.
Dietary intake measures
Dietary intake was estimated using 3-day diet records, distributed to each participant for home completion. Each parent, with assistance from their child, completed the diet record for 2 weekdays and 1 weekend day. To familiarize participants and parents with portion size estimations, a 24-h recall was administered using 3D plastic food models. All data generated from the 3-day diet records were analyzed by the same individual using Food Processor Nutrition and Dietary Analysis System (Version 7.9; ESHA Research, Salem, OR, USA). Dietary supplements of calcium and vitamin D were added subsequently to the dataset. Nutrient intakes generated from the 3-day diet record have been shown to correlate highly with direct observation (r ‫ס‬ 0.78-0.94) in 9-to 10-year-old females. (18) In our laboratory, one-way random effects model, average measure (i.e., 3 days) ICCs were conducted for dietary intake estimates in female children 6-10 years of age (n ‫ס‬ 10), whose 3-day diet records were completed twice in a 2-week period, and are calculated for energy (R ‫ס‬ 0.47), calcium (R ‫ס‬ 0.71), and vitamin D (R ‫ס‬ 0.94).
Physical activity assessment
Physical activity was quantified objectively and subjectively using accelerometry (model 7164; Computer Science Applications [CSA]; Fort Walton Beach, FL, USA) and a modified version of a questionnaire developed by Slemenda et al., (19) respectively. Accelerometers were protected in a zippered pouch worn by each child at the waist on the midaxillary line for 3 days (2 weekdays and 1 weekend day). Parents were instructed to complete a datarecording sheet indicating the periods of time when the
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monitor was fastened or removed from the child. Data were recorded by the CSA device during 1-minute epochs. Three-day averages for activity counts per minute were generated for each subject. Reliability data have been reported by Janz et al. (20) and Trost et al. (21) (r ‫ס‬ 0.69 and 0.70, respectively) using 3-to 5-day averages in young children. The CSA monitor has also been shown to be a valid device for the assessment of children's physical activity using energy expenditure measured by calorimetry (r ‫ס‬ 0.87). (22) Because the coaches in gymnastics and other organized sport activities discouraged the use of accelerometers during classes for safety reasons, each child was instructed to remove the monitor during participation in organized activities so that only leisure time physical activity would be recorded.
Organized gymnast and control activities were quantified using the self-report questionnaire by Slemenda et al. (19) Prior research with this questionnaire has provided evidence of its reliability. (19) The questionnaire was interviewer-administered to each child and her parent by trained researchers. Participants were asked to recall the time spent in after-school organized activities only. A fivepoint Likert scale was completed by each parent and served as an additional measure of physical activity. On this scale, parents indicated their child's usual activity level relative to childhood peers. The questionnaire consists of numerical responses indicating levels of physical activity compared with other children: 1 ‫ס‬ much less, 2 ‫ס‬ less, 3 ‫ס‬ same, 4 ‫ס‬ more, and 5 ‫ס‬ much more. Slemenda et al. (19) showed that parental estimates of their children's activities were positively correlated with aBMD at the hip and spine. In addition to self-report, select gymnastics classes (i.e., low level and high level) were video recorded and monitored by trained observers for quantification of the type, frequency, and duration of elements performed. Last, classes were monitored for compliance by coaches at the gymnastics facilities, who submitted attendance records after each session.
Statistical analyses
Data were analyzed using SPSS (version 11.0.2; SPSS) and S-PLUS (version 6.1.2; Insightful Corp.). Independent samples t-tests were conducted for all baseline measures. Nonlinear mixed effects models based on four-parameter logistic sigmoidal growth curves were used to address hypothesis 1. The four-parameter logistic curve is given by:
where x is age, and y is the response at age x. Such a curve has a sigmoidal shape with left (lower) asymptote at e °a nd right (upper) asymptote at 1 . The parameter 2 has an interpretation as the x value (i.e., the age) at which the response has reached 1 /2, or one-half of its ultimate expected size, and 3 is a parameter that scales the x-axis. That is, 3 quantifies the rate of increase over time in the mean of y. Figure 1 shows the logistic curve including parameter interpretations. The main outcomes of interest are to determine (1) differences in the asymptote parameter 1 and (2) differences in the growth rate parameter 3 between the groups.
The resulting models were used to compare the baseline and postbaseline responses of the participants, and covariates were used to control for differences among the study groups at baseline. To account for baseline differences among the participants in the two groups and to account for correlation among the repeated measurements within a subject, 0 , 1 , 2 , and 3 are modeled as mixed effects, that is, as linear functions of baseline covariates and subjectspecific random effects. These nonlinear mixed effects models are described in detail by Pinheiro and Bates. (23) In addition to controlling for subject variability between groups at baseline, other covariates considered important with respect to bone changes over time were included in the model: race, baseline measures of body mass, height, and calcium intake, and change in breast development beyond stage II at 24 months. (19, (24) (25) (26) Significance tests and plots of the random effects versus potential covariates were used to aid the covariate selection process. Effect sizes calculated for group comparisons are expressed as t-statistics (parameter estimates divided by their SE).
To test hypothesis 2, that higher-level gymnasts advancing to competition (HLG; n ‫ס‬ 9) will show greater gains in bone mineral compared with lower-level gymnasts who did not advance (LLG; n ‫ס‬ 56), the overall sample of the GYM group was divided into high versus low level based on the number of hours of participation in gymnastics activity. A histogram of raw hours of gymnastics classes (over the 24-month testing period) was completed and revealed a bimodal frequency distribution, where two distinct groups emerged: one lower (<100 h; mean ‫ס‬ 63 h over 2 years; 1.24 ± 0.63 h/week) and one higher activity (>100 h; mean ‫ס‬ 259 h over 2 years; 7.89 ± 3.05 h/week; see Fig. 2 ). Additionally, HLG performed more difficult maneuvers compared with LLG, as described in Table 1 .
RESULTS
Anthropometric measures
Participant characteristics for baseline and 2-year measures are presented in Table 2 . Children enrolling in the GYM group at baseline were significantly shorter and lighter versus those in the CON group and had lower measurements of sitting height and leg length (p < 0.05). Gymnasts also had significantly lower BMI-for-age percentiles (15) compared with CON (58.8 ± 25.3 versus 69.2 ± 27.5; p < 0.02).
Sexual maturation
By design, each eligible participant was classified as pubertal stage I for both breast and pubic hair development on study entry. However, by the conclusion of the study, 11 GYM and 25 CON advanced beyond stage I, displaying some evidence of secondary sex characteristics for early pubertal breast and pubic hair development (i.e., stages II-III). Whereas advancement in pubertal stage did occur in these individuals, menarche was not achieved during the course of the study for any of the subjects.
Bone mineral and body composition measures
Baseline absolute values of bone mineral are presented in Table 2 and reveal lower aBMD, BMC, and BA in GYM versus CON at the total body, lumbar spine, and forearm (all p < 0.05). Furthermore, GYM had significantly lower fat mass, FFST, and percent fat than CON (all p < 0.05). High-level gymnasts did not differ significantly in these measurements compared with LLG (p > 0.05). Unadjusted values presented in Table 2 suggest that GYM remained lower in bone mineral measures after 2 years; however, after adjusting the data for initial differences, it was determined that GYM had greater BA, BMC, and aBMD responses compared with CON at some skeletal sites. Table 3 summarizes the main results from the nonlinear mixed effects models for 24-month changes in BA, BMC, and aBMD by displaying effect sizes. The upper asymptote of the mean response was estimated to be significantly higher in GYM for total body aBMD and forearm BMC compared with CON (p < 0.04) based on the 2-year data from this study. There was no significant difference between HLG and LLG with respect to this parameter. Compared with CON over 2 years, GYM had a significantly greater rate of increase in the mean response of lumbar spine aBMD and forearm BA (p < 0.01). To show these differences in the lumbar spine and forearm, Fig. 3 serves as an example of the observed data and predicted growth curve responses over 2 years in a representative GYM and CON participant, 5 years of age at baseline. High-level gymnasts proceeded to an advanced/competition level after 6-12 months of gymnastics participation. When comparing HLG versus LLG over the 2 years, HLG increased at a faster rate than LLG in BA of the forearm (p < 0.01).
Lumbar spine aBMD data were further analyzed using repeated measures ANOVA in a subsample of individually matched GYM and CON subjects who remained prepubertal throughout the duration of the study (n ‫ס‬ 31 per group, matched on race, age [±1 year], height [±5 cm], and weight [±3.5 kg], because groups differed on these characteristics at baseline). Gymnasts gained more aBMD at the lumbar spine (p ‫ס‬ 0.03; 2 ‫ס‬ 0.47 for the group × time interaction) than CON over 2 years. Using Schwarzer's Meta 5.3 software to convert the 2 measure of effect size to the same metric (r), a t-statistic of 2.84 converted to r ‫ס‬ 0.23, whereas the group × time interaction converted to r ‫ס‬ 0.18. * Numbers are generated for an average of 10 classes that were observed and videotaped for the low-level classes.
† Numbers are generated for an average of five classes that were observed and videotaped for the high-level classes.
FIG. 2.
Frequency distribution of total hours of gymnastics participation over 2 years. Dashed line represents designation for low-level gymnasts (LLG; <100 h) and high-level gymnasts (HLG; >100 h).
Dietary intake measures
Intakes of energy, calcium, and vitamin D were similar at baseline and did not change over the 2 years. Forty-one GYM and 35 CON reported regular use of a children's multivitamin supplement. For both GYM and CON groups, baseline mean vitamin D and calcium intakes (Table 2 ) met or exceeded the adequate intake (AI) recommendations for children 4-8 years of age. (27) Six GYM and five CON had individual estimated calcium intakes <50% (400 mg/day) of the AI, whereas 12 GYM and 11 CON had estimated vitamin D intakes <50% (2.5 g/day) of the AI.
Physical activity assessment
Baseline average activity counts per minute obtained using CSA accelerometers were not different between groups (Table 2) . Once enrolled in the study, both GYM and those CON who participated in other youth sport activities did so for ∼1 h/week based on results from the activity questionnaire (19) (Table 4) . Gymnasts attended an average of 78.7 ± 10.9% of scheduled classes (obtained from attendance records). At baseline, the average score on the parent-rated Likert scale of activity was 3.7 ± 0.7 for GYM and 3.4 ± 0.7 for CON, indicating no significant differences between groups. Using Spearman rank-order correlations for the combined GYM and CON groups, baseline parental Likert scale ratings were significantly and positively correlated with total body aBMD ( ‫ס‬ 0.25; p ‫ס‬ 0.05) and negatively correlated with fat mass ( ‫ס‬ −0.34; p < 0.001) and percent fat ( ‫ס‬ −0.36; p < 0.001).
DISCUSSION
This is the first prospective report of bone mineral changes in young children with essentially no prior structured physical activity participation. The primary finding was that, over 2 years, young females participating in their first recreational gymnastics class showed a significantly greater rate of increase in the mean response of lumbar spine aBMD and forearm BA compared with those who did not enroll in gymnastics. It was also observed that forearm BA increased at a faster rate in HLG compared with LLG who remained at the noncompetitive level. In addition, the long-term (asymptotic) mean response for total body aBMD and forearm BMC was estimated to be higher for GYM than for CON. These results suggest that beginninglevel maneuvers performed in introductory gymnastics classes seem to be adequate stimuli for enhancing gains in both bone mineral and size, particularly at the lumbar spine and forearm, but not at the hip. It has been shown that competitive collegiate, (11, 28) adolescent, (12, 29) and retired (8, 30) artistic gymnasts have considerably higher bone mineral measures at nearly all skeletal sites compared with nongymnast controls similar in age, height, and weight. These higher bone values could be the result of cumulative gains with years of training, higher bone mass at the onset of the sport, or both. In more recent years, it has been documented that gymnasts initiate training as young as 3-4 years of age, (31) exposing the skeleton to years of high load stimuli. A 3-year observational study of adolescent females (10.5 ± 1.5 years of age at baseline) revealed that competitive nonelite gymnasts who already had significantly higher aBMD than controls at all skeletal sites measured (12) were able to acquire additional gains in hip and total body aBMD and lumbar spine BMC with continued training, accumulating up to 30% beyond gains in controls. (10) Results from this study also support this hypothesis of cumulative aBMD gains at the lumbar spine over time. Studies in junior tennis players present important findings, showing side-to-side differences in loaded versus nonloaded arms, (32, 33) further supporting the conjecture that high-load activities promote cumulative gains in bone mineral with years of training.
Alternatively, the higher rates of bone mineral accrual in gymnasts may be the result of a genetically inherited stronger skeleton rather than the mode of activity. (34) This study sought to determine if there was a relationship between self-selection and bone mineral accrual in young gymnasts before the onset of training. The study design allowed the examination of anthropometric, dietary, bone, and body composition measures of all participants before the onset of gymnastics or other organized activity involvement. Because other investigations of child gymnasts were conducted at least 1 year after initiating the sport, (6, 8, 35) it would be impossible to determine how the bone mineral measures of gymnasts compared with nongymnast controls at the start of training. In this study, differences existed between groups at the onset, where GYM were significantly shorter, lighter, and leaner than CON; therefore, there could have been bias introduced into the study based on self-selection. To our knowledge, only one report, a retrospective study of female elite gymnasts, has shown that individuals who select gymnastics activity are generally smaller and leaner than controls before participation. (36) In this study, the majority of bone mineral values were also lower in GYM versus CON at baseline, indicating that the skeletal benefits were presumably caused by the activity and not a "denser" skeleton at the onset of training.
Absolute values presented in Table 2 imply that GYM remained lower in bone mineral measures 2 years after initiating the sport; however, after adjusting the data for initial differences, GYM actually had increased rates of forearm BA and lumbar spine aBMD compared with CON. This greater rate of increase in the mean response of lumbar spine aBMD after 2 years of gymnastics training in this study corresponds with findings of shorter-duration childhood interventions that implemented jumping programs of high-impact forces to the skeleton similar to those produced by gymnastics training.
(4,37) Fuchs et al. (4) observed a significant increase in the intervention group compared with controls for aBMD of the lumbar spine using a sample of prepubertal boys and girls 6-10 years of age. This protocol consisted of a progressive in-school program of 10 minutes of jumping three times per week. In contrast, no differences were reported at the spine for prepubertal children (stage I; mean age, 10.1 years) undergoing a similar jumping program, consisting of 12 minutes of jumping three times per week. (37) Although training was progressive in this program, the intensity of the jumping may not have been high enough to elicit a response at the lumbar spine, as shown by Fuchs et al. (4) However, in early pubertal children (stage II-III; mean age, 10.5 years), (37) a skeletal response did occur; participants in the jumping intervention showed significantly greater gains in lumbar spine aBMD over controls (1.7%) after 7 months. Over 20 months, MacKelvie et al. (38) also found that BMC gains were cumulative in females (pubertal stages I-III; mean age, 8.8-11.7 years at baseline), up to 3.7%, after a jumping exercise intervention incorporated into physical education classes.
In this study, BA of the forearm increased at a greater rate in GYM versus CON and in HLG versus LLG, indicating that either the mode and/or the frequency of gym- Values are effect sizes (t-statistics). * Negative value corresponds to expected direction of effect (benefit of gymnastics training/high-level gymnastics training).
† Positive value corresponds to expected direction of effect (benefit of gymnastic training/high-level gymnastics training). ‡ Significant difference from controls (p < 0.05). § Significant difference from low-level gymnasts (p < 0.05).
nastics participation at an early age led to an increase in bone size. Whereas differences were expected to emerge at the proximal femur between GYM versus CON and HLG versus LLG, no changes in the rate of bone mineral accrual between groups at this site were observed. Greater differences in BMC were also expected to emerge at all skeletal sites in GYM versus CON and HLG versus LLG. A possible reason for lack of BMC group differences at the lumbar spine and BMC and aBMD differences at the forearm and proximal femur is that the exercise protocols were not as strenuous as the training schedule of the older, elite gymnasts studied previously. Scerpella et al. (39) reported a doseresponse to gymnastics training in prepubescent females by comparing high-(>8 h/week) and low-(1-8 h/week) level gymnasts, where differences in the total and regional aBMD (i.e., forearm and hip) measures were found to be greater in the high-level gymnasts. (39) Based on direct observation of selected classes in this study (Table 1) , GYM participating in the high-level classes performed more difficult maneuvers than those in the low-level classes, likely generating higher ground reaction forces on the skeleton. Whereas these more advanced maneuvers would have been expected to load the skeleton and promote greater BMC and aBMD gains, it is likely that an even greater strain magnitude, rate, or duration of activity in the elite gymnasts may have been necessary to elicit a geometric conformation of bone and enhanced rates of bone mineral deposition at these skeletal sites, beyond what was achieved by recreational gymnasts in this study. (31) As evidenced by observations in older children, (37, 38) it is possible that the positive effect of gymnastics participation on bone mineralization in the skeletal sites measured will emerge as the participants become more developmentally mature and/or advance to a more competitive training level, engaging in activities that promote a greater effect on the skeleton. (31) Assessment of bone mineral accrual with exercise studies is limited, however, because important changes in the geometric properties of bone may occur and go undetected. For example, the primary outcome measures in this study, BMC and aBMD, do not account for changes in the shape and structure of bone. Because modeling during growth can alter endosteal and periosteal dimensions, (40) measures of the structural properties of bone in addition to bone mineral may have provided valuable information. Studies in children using the hip structural analysis program (41) to detect geometric and strength changes in bone have shown higher indices of cross-sectional area (an index of axial strength) and section modulus (an index of bending strength) in elite gymnasts (7) and in children after a 7-month jumping intervention. (40) The development of the skeleton is characterized by distinctive biological phases and differing sequential patterns of growth in bone size and mass that are linked to hormonal regulation. (1, 9) A principal strength of this study was the deliberate recruitment of children who were prepubertal, within the age range of 4-8 years. The purpose of employing these selection criteria was to limit variability within physiological characteristics acknowledged for their effects on the immature skeleton. (42, 43) Whereas groups differed at baseline concerning height, weight, sitting height, and leg length, there were no differences in how these variables changed over 2 years in GYM versus CON. This was ex-
FIG. 3. Illustration of observed data (-)
and predicted growth curves (---) at the lumbar spine and forearm using a representative from the gymnast () and control (ᮀ) groups, 5 years of age at baseline. pected, because recreation-level artistic gymnastics initiated at a young age would be presumed to not interfere with normal growth velocity, unlike the growth aberrations suspected in elite-level gymnasts. (8, 44) However, longerterm studies following young females from the onset of gymnastics training throughout their growth spurt, as the intensity and duration of training intensifies, are needed to further explicate this relationship.
A key factor that could potentially account for group differences in bone mineral accrual is dietary calcium. (45) (46) (47) Dietary calcium intake is an important determinant of lumbar spine aBMD among children and adolescents. (45) (46) (47) (48) (49) Inadequate dietary calcium in children has been estimated to account for a difference of 1 SD (∼10%) in bone mass accrual by the age of 18 years. (16) Two recently published randomized trials (50, 51) showed that over 8-12 months, calcium intake modified the bone response to activity in young children. Iuliano-Burns et al. (51) suggest that the effects of exercise are site-specific, whereas the effects of calcium supplementation are likely generalized. Both studies emphasize the importance of calcium in the diet with respect to bone health in young children. Dietary intakes of GYM and CON in this study did not differ at baseline or over 2 years. The similarity between groups is consistent with prior reports in child gymnasts. (6, 35, 52) Furthermore, both groups of participants met the dietary reference intake recommendations for U.S. children for energy, (53) calcium, and vitamin D. (27) These findings suggest that the higher bone gains in GYM versus CON were not influenced by the participants' calcium intakes, nor did gymnastics training alter dietary calcium intakes over time. It is unknown, however, if intakes higher than those consumed by participants in this study would have potentiated the effects of gymnastics training on bone mineral accrual.
Physical activity assessed with accelerometry was similar between groups for leisure time activity. This study did not capture physical activity measured by the CSA device for participants during organized sport, which was a limitation of this assessment. However, data from this study are similar to those reported by Janz et al., (54) where the total activity counts were 701 ± 160 average counts/minute for nonathletic young females. Physical activity measured by accelerometry has shown to positively correlate with bone measures in preschool children. (54) In this study, parental Likert scale ratings obtained through questionnaire were significantly and positively correlated with total body aBMD and negatively correlated with percent fat and fat mass. Similarly, it has been shown that children above the median of mothers' activity rating had significantly greater aBMD at the hip and spine. (19) Children in this study were not randomized to the gymnastics intervention. While it is acknowledged that causality cannot be proven in observational studies, (34) careful consideration was given to the young age of the children and the likelihood that randomization into an after-school youth sport program for 2 years would have been unfeasible and resulted in a much higher participant attrition rate. Children were given the option to enroll in either the GYM group (beginning gymnastics classes) or the CON group (participate in other sports or no sports) for the duration of the study. The compliance with this community intervention study was ∼80%. Although slightly lower than the compliance of other exercise interventions in children (86-100%), (4, 55) the duration of this intervention was more than twice as long.
It is well recognized that prospective pediatric bone studies are confounded by changes in maturational status. (38) To account for this potential confounding and bias associated with observational studies, several variables important to bone mineral accrual in children were controlled for on which the GYM and CON groups may have differed at baseline. This was done by incorporating these variables as covariates in nonlinear mixed effects models that describe the relationship between the mean response and age in terms of a sigmoidal growth curve. This approach was chosen in preference to more traditional methods for longitudinal data analysis such as the repeated measures ANCOVA, (56) which describes the mean response for each group by measurement occasion combination as a polynomial function of covariates. Two major drawbacks of such an approach for this study are (1) the natural ordering of observations through time is ignored, because the mean response is not modeled as a function of time, and (2) the groups measured at each time-point were heterogeneous with respect to age so that the group mean at a particular time point is not particularly meaningful in terms of growth and development. Instead, the nonlinear mixed modeling approach describes the mean response as a function of age rather than time for each subject, and attempts to place each subject's response over time profile at an appropriate place along an underlying growth trajectory assumed to be of sigmoidal form (Fig. 1) . Time-invariant features of this growth curve, such as the asymptote and growth rate, can then be compared between groups while controlling for potential confounders through the inclusion of covariates in the model. To strengthen the rationale for use of the four- Values indicate participation (n) and duration (average hours per week) in organized after-school activities at any given time throughout the 24-month study period.
parameter logistic growth curve modeling, lumbar spine aBMD data were analyzed using the traditional repeated measures ANOVA in a subsample of individually matched GYM and CON. Similar to the results determined by growth curve modeling, GYM gained significantly more aBMD at the lumbar spine than CON over 2 years. The calculated effect size for detecting differences between groups was determined to be slightly larger using the growth curve modeling.
Because more active children may emerge from adolescence with ∼5-10% greater bone mass depending on the skeletal site, this may signify an important biological advantage in terms of attaining optimal skeletal health and prevention of future fractures. (19) It has been considered that high loads on the skeleton are the most important exercise factors related to bone development. (54) Data from this study support this idea in a group of nonelite, introductorylevel female gymnasts. Although some exercise intervention studies point to early-mid puberty as a more opportune time for enhancing childhood bone, rather than during prepuberty, (37, 40) in this study, prepubertal recreational-level gymnasts achieved greater rates of increases in lumbar spine aBMD and forearm BA compared with controls. Furthermore, those gymnasts who advanced to a higher level of training gained more BA at the forearm compared with those who remained at the lower level. It was recently acknowledged that, to determine the effects of gymnastics on growth, maturation, and skeletal development, "wellcontrolled prospective longitudinal studies, possibly starting at birth or at least before entry to the sport, are required." (57) While these results provide a representation of young female's physical characteristics before beginning their sport, there remains a clear necessity for longer-term exercise intervention studies extending through the complete maturational period. A study of this nature will help contribute to our understanding of the timing of bone gains during childhood with lifestyle interventions and of whether a "critical period" indeed exists with respect to optimal bone mineral accrual through exercise.
